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The granuloma formation is a host defense response
against persistent irritants. Osteopontin is centrally
involved in the formation of granulomas. Three os-
teopontin alleles, designated a, b, and c, have been
found in mice. Here we used a murine model of zy-
mosan (�-glucan)-induced granuloma formation in
the liver to determine possible functional differences
between the osteopontin alleles in cell-mediated im-
munity. In contrast to mice with alleles a or c, mice
with the allele b was defective in granuloma forma-
tion. As detected by mRNA expression, cytokines and
chemokines known to be critically involved in gran-
uloma formation were elicited in liver tissue, regard-
less of the osteopontin allele expressed. Alignment of
the deduced amino acid sequences showed that un-
like osteopontin c, b differs from a in 11 amino acids.
All three osteopontin alleles had normal cell-binding
properties. However, only the b allelic form was de-
fective in the induction of cell migration as tested
with dendritic cells. In conclusion, generation of a
granulomatous response in mice depends critically
on the presence of a functional osteopontin allele.
Defective granuloma formation in mice with allele b
is likely to be because of an impaired chemotactic
function of the osteopontin b protein on immuno-
competent cells. (Am J Pathol 2004, 164:567–575)

The granulomatous response is one form of chronic in-
flammation in which monocytes, macrophages, epithe-
lioid cells, and multinucleated giant cells are involved
and is the central mechanism to defend the host against
persistent irritants.1 Zymosan is the cell wall fraction of
yeast containing an insoluble form of �-1,3-glucan and
induces foreign body type hepatic granulomas after in-
travenous injection.2,3 Accumulation of monocytes and
macrophages into the site of inflammation is affected by

at least two factors. The migration of monocytes from the
circulation is promoted by chemotactic agents such as
chemokines, complement components, and microbial
products whereas the immobilization of macrophages
within the lesion is mediated by cell adhesion factors.4,5

Osteopontin (OPN) is a phosphorylated glycoprotein
containing an arginine-glycine-asparatic acid (RGD) in-
tegrin-binding motif and is implicated in a variety of func-
tions, including cell adhesion and migration.6–8 It is se-
creted by macrophages, T cells, and natural killer cells in
a regulated manner.9–11 Recent studies have provided
ample evidence that OPN has cytokine functions and
plays a crucial role in various inflammatory and immune
responses.12–17 The OPN protein is expressed during the
formation of granulomatous lesions including tuberculo-
sis and sarcoidosis and has been defined as an impor-
tant factor during the formation of granulomas because
OPN-deficient mice failed to develop granulomas after
injection of polyvinylpyrrolidone.18–22 Resistance against
various pathogens has been shown to be dependent on
the presence of OPN.18,22–24 Nau and colleagues25 dem-
onstrated a reduced clearance of Mycobacterium bovis
bacillus Calmette-Guérin in OPN-deficient mice. Three
allelic forms of the murine OPN gene have been identified
and the resistance to Rickettsia tsutsugamushi infection
varies depending on the type of the OPN allele.24 Thus,
the presence or absence of OPN and the type of the OPN
protein expressed decisively affects the outcome of host
immune and inflammatory responses. This is further un-
derlined by the finding that a number of single-nucleotide
polymorphisms are present in the human OPN gene and
interestingly an OPN polymorphism is associated with
systemic lupus erythematosus.26

Using the zymosan model we characterized the func-
tional role of OPN alleles for the formation of liver foreign
body granulomas. We found that in mice expressing OPN
allele b granuloma formation was defective, compared to
mice with alleles a or c. Zymosan injection induces the
expression of inducible nitric oxide synthase (iNOS)
mRNA only in the liver of mice with OPN a or c. The mRNA
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expression of the cytokines and chemokines involved in
granuloma formation were similarly elicited in all groups.
OPN c differs from a in only one, whereas OPN b differs
from c in 10 amino acids. Functionally the allelic b form is
defective in the induction of dendritic cell (DC) migration,
but functions as a cell adhesive protein. These results
suggest that granuloma formation in mice depends crit-
ically on the presence of a functional OPN allele. Defec-
tive granuloma formation in mice with OPN allele b seems
to be associated with an impaired chemotactic function
on immunocompetent cells. The functional impairment of
OPN allele b may result from its various mutations, one of
which locates close to the RGD sequence.

Materials and Methods

Animals

Male C57BL/6CrSlc (B6), BALB/cCrSlc (BALB/C), and
C3H/HeJ (C3H) mice (specific pathogen-free) were pur-
chased from SLC Japan (Shizuoka, Japan), and male
CBA/JNCrj (CBA), SJL/JorlIcoCrj (SJL), and DBA/2NCrj
(DBA) mice (specific pathogen-free) were purchased
from Charles River Laboratories Japan.

Cell Lines

The highly metastatic B16-BL6 melanoma cell line27 orig-
inally provided by Dr. I.J. Fidler, M.D. Anderson Cancer
Center, Houston, TX, and the murine fibroblastic cell line
L92928 were maintained in Dulbecco’s minimal essential
medium supplemented with 10% fetal calf serum.

Experimental Granuloma Formation

Zymosan (Sigma) was injected intravenously as a single
dose of 750 �g/head suspended in 200 �l of sterile
saline. Mice were sacrificed 7, 14, 21, and 28 days after
zymosan injection and liver tissue was analyzed by his-
tology and gene expression. Livers were longitudinally
sectioned to obtain the possible largest area. Sections
were stained with hematoxylin and eosin (H&E). The
granuloma area (mm2) and liver area (mm2) per section
were determined by NIH image 1.55 (public domain soft-
ware). The percentage of granuloma area was calculated
by the formula: granuloma area per section/liver area per
section � 100.

RNase Protection Assays

Total RNA was prepared from murine liver using Trizol
Reagent (Life Technologies). Twenty �g of total RNA from
each sample were hybridized to 32P-labeled anti-sense
RNA probes in vitro-transcribed from multi-probe tem-
plate sets, mCK-2b, mCK-4, and mCK-5 (PharMingen) by
the RiboQuant multi-probe RNase protection assay sys-
tem as outlined by the supplier.

Quantitative Analysis on mRNA Expression

One �g of total RNA was reverse-transcribed by using
ReverTra Ace (Toyobo) in a total reaction volume of 20 �l.
The cDNAs were used as templates for polymerase chain
reaction (PCR) using LightCycler-FastStart DNA Master
SYBR Green I systems (Roche Diagnostics).

The primers used were: OPN (468-bp product):
sense, 5�-ACGACCATGAGATTGGCAGTG-3�; anti-
sense, 5�-TTACCTCAGTCCATAAGCCAA-3�; G3PDH
(452-bp product): sense, 5�-ACCACAGTCCATGCCAT-
CAC-3�; anti-sense, 5�-TCCACCACCCTGTTGCTGTA-
3�; iNOS (213-bp product): sense, 5�-GCTTGCCCCT-
GGAAGTTT-3�; anti-sense, 5�-CCTCACATACTG-
TGGACG-3�; � actin (349-bp product): sense, 5�-
TGGAATCCTGTGGCATCCATGAAAC-3�; anti-sense,
5�-TAAAACGCAGCTCAGTAACAGTCCG-3�.

Library Construction, Screening, and
Sequencing

RNA was prepared from kidney of DBA mice by using
Trizol Reagent. Polyadenylated RNA [poly(A)RNA] was
isolated by mRNA purification kit (Amersham Pharmacia).
RNA from indicated fractions was combined, concen-
trated by ethanol precipitation, and used as a template to
synthesize a cDNA library by using SuperScript Choice
System for cDNA Synthesis (Gibco BRL) and ligated into
the phage vector, �ZipLox (Gibco BRL). Escherichia coli
strain, Y1090(ZL) (Gibco BRL) was used as the host for
library plating. A total of 200,000 plaque-forming units
(pfu) were screened with DNA probes labeled with
[�-32P]dCTP, using the Multiprime kit (Amersham Phar-
macia). The cDNA library was plated at a density of
10,000 pfu per 95 � 135-mm plate. The GeneScreen Plus
membranes (DuPont) were used for plaque hybridization
screening. Plasmid pZL1-containing inserts were excised
in vivo from independently selected six recombinant
phages by introducing into the E. coli DH10B(ZIP) strain
(Gibco BRL). The nucleotide sequences were obtained
by electrophoresis on an automated DNA sequencer
(model 373A, Applied Biosystems).

Construction of the GST-OPN Fusion Plasmid

PCR reactions were conducted using the cloned c allelic
form of OPN (designated as OPN c hereafter) cDNA
vector as a template, directed by primers: sense, 5�-
GGATCCTCCCGGTGAAAGTG-3�; anti-sense, 5�-TTAG-
TTGACCTCAGAAGATGAAC-3�.

The PCR product was purified and cloned into pCRII
vector as previously described.29 The cloned cDNA was
completely sequenced and inserted into the pGEX-3X
vector in the same reading frame as a carrier gene (glu-
tathione S-transferase, EC 2.5.1.18)30 and transformed
into E. coli DH5� cells.
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Protein Purification

The recombinant GST-OPN fusion proteins, namely OPN
a, OPN b, and OPN c were prepared in E. coli as de-
scribed previously.31 The GST fusion proteins were puri-
fied on glutathione-Sepharose columns as described.30

The eluted proteins were subjected to gel filtration on a
Sephadex G-25 column equilibrated with phosphate-
buffered saline (PBS) and eluted with the same buffer.
The purity of protein was analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis using Lae-
mmli’s system.

Cell Binding Assay

Plates (96 well) were precoated with various concentra-
tions of GST and GST-OPN for 1 hour at 37°C, followed by
treatment with 0.5% bovine serum albumin in RPMI 1640
medium for 10 minutes at 37°C to block nonspecific
binding. Cells were suspended in Dulbecco’s minimal
essential medium containing 0.25% bovine serum albu-
min and 200 �l of cell suspension (at a cell density of 5 �
104 cells/well) were applied to the 96-well plate and
incubated for 1 hour at 37°C. Then the medium was
removed from the plates and wells were washed with PBS
twice. The adherent cells were fixed and stained with
0.5% crystal violet in 20% methanol for 30 minutes. All
wells were rinsed three times with water and adherent
cells were then lysed with 20% acetic acid. Absorbance
at 595 nm was measured from the resulting supernatants
from each well, using an immunoreader to determine the
relative number of cells attached per well. All assays
were performed in triplicate and at least three separate
experiments were performed to obtain data.

In Vitro DC Migration Assay

In vitro DC migration was evaluated using a 48-well micro
chemotaxis chamber (Costar) and cultured DCs as de-
scribed previously.32 Murine DCs were generated as de-
scribed previously.32 In brief, bone marrow cells from
C57BL/6 mice with OPN a allele, suspended at a cell
density of 106/ml were cultured in the presence of 40
ng/ml of murine granulocyte macrophage colony-stimu-
lating factor (PromoCell) and 10 ng/ml of interleukin (IL)-4
(PromoCell). On day 6, loosely adherent cells were re-
covered and fractionated by gradient centrifugation us-
ing 14.5% Metrizamide (Boehringer). The low-buoyant
density cells were collected and washed. More than 80%
of those cells expressed class II, CD11c, B7–1, and B7–2
and thus were designated as DCs.33 Twenty-seven �l of
OPN at the indicated concentrations in Hanks’ balanced
salt solution, were added to the lower chamber. A poly-
carbonate filter (pore size 8 �m, Costar) was layered onto
the wells, covered by a silicon gasket, and followed by
the top plate. For migration of DCs, 50 �l of cell suspen-
sion (106 cells/ml) were added to the upper chamber.
After the incubation (37°C, 5% CO2 for 4 hours) filters
were removed and stained with Diff-Quick (Baxter). Cells
on the upper filter surface were removed, cells that had

migrated to the filter bottom quantified counting four oc-
ular grids.34 Results are expressed as mean number of
migrated cells/mm2 � SD of four chambers. Each exper-
iment was performed in triplicate.

Results

OPN Allele b Mice Have an Impaired Formation
of Zymosan-Induced Granulomas

Several reports indicated that allelic variations of OPN
affect the susceptibility to infection.9,24,35 To determine
whether the presence of a specific OPN allele affects the
host immune responses in vivo, we studied the liver gran-
uloma formation by intravenously injected zymosan in B6,
BALB/c, C3H, CBA, SJL, and DBA mice. On day 7
marked liver granuloma formation was detected in B6
and BALB/c mice that express OPN allele a and DBA
mice with OPN allele c. From days 14 to 21 the number of
granulomas significantly decreased. By contrast in C3H,
CBA, and SJL mice, which all express OPN allele b, a
drastically reduced liver granuloma formation was de-
tected on day 7 (Figure 1). In the following observation
period from day 14 to day 21, formation of granulomas
remained impaired, indicating that the reduced granulo-
matous response to zymosan in allele b mice was not
because of a delay in granuloma formation. No significant
granuloma formation was detected in C3H mice at day
28. Representative histology was shown in Figure 2. In
addition, we found no significant histological difference in
granuloma among mice of three OPN alleles at day 14
(Figure 2; J to L, with high-power views).

Induction of Chemokine Gene Expression Does
Not Correlate with the Degree of Granuloma
Formation

The regulated expression of a variety of cytokines and
chemokines has been associated with granuloma forma-
tion. We set out to determine whether such cytokine
expression patterns are affected by the presence of a
certain OPN allele. mRNA expression of IL-1�, macro-

Figure 1. Mice with OPN alleles a or c, but not b form zymosan-induced liver
granulomas. Liver was obtained from mice with OPN allele a (B6 and
BALB/c), OPN allele c (DBA), and OPN b allele (C3H, CBA, and SJL) at days
7, 14, and 21 after zymosan injection. The degree of granuloma per liver
section was analyzed with NIH Image software and the percentage of gran-
uloma area was calculated by the formula: granuloma (�m2)/total liver area
(�m2) � 100. The results are shown as mean percentage of granuloma
area � SD of six different sections from three different mice (two sections per
mice). ND, BALB/c liver tissues were not studied on day 14.
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phage colony stimulating factor (M-CSF), regulated on
activation normal T cell expressed and secreted (RAN-
TES), macrophage inflammatory protein-1� (MIP-1�),
MIP-2, and monocyte chemoattractant protein-1 (MCP-1)
were found to be similarly elicited in all animals strains
after zymosan injection, independent of their OPN allelel-
ism (Figure 3). The only difference between OPN a allele
mice and OPN b allele mice was an expression of IL-1�
that is not increased in the liver of C3H and CBA mice
with OPN b allele, in which no significant granuloma
formation was detected. However, significant induction of
the IL-1� gene was detected in SJL mice that also ex-
press the OPN b allele (Figure 3, A and C). Interestingly,
mRNA of macrophage migration inhibitory factor (MIF)
was constitutively expressed in all strains and did not

vary before and after zymosan injection. Our findings
indicate that despite an inhibited granuloma formation in
OPN allele b mice the expression of cytokine and che-
mokine genes did not differ from that of mice with normal
granulomatous response.

iNOS mRNA Expression Is Defective in OPN
Allele b Mice

iNOS is known to be up-regulated in macrophages on
their activation in inflammatory responses. Previously it
has been demonstrated that OPN is a negative feedback
regulator of iNOS in murine macrophages in vitro.36 We
were interested in how iNOS expression is differentially

Figure 2. Foreign body-type granuloma formation is reduced in mice with OPN allele b. H&E staining of liver sections obtained from mice with OPN a allele,
B6 (A, B, C, J); OPN b allele, C3H (D, E, F, K); and OPN c allele, DBA (G, H, I, L) at 7 (A, G), 14 (B, D, H, J, K, L), 21 (C, E, I), and 28 (F) days after zymosan
administration. Original magnifications: �100 (A–I); �400 (J–L).
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regulated during granuloma formation and how its ex-
pression is affected by OPN alleles. On examination of
iNOS mRNA expression in the liver we found an iNOS
mRNA augmentation in mice with OPN a or c alleles after
administration of zymosan. However, no significant in-
duction of iNOS mRNA was detected in mice with OPN b
allele (Figure 4A). In sharp contrast, OPN mRNA expres-
sion was augmented after zymosan injection in all allelic
forms of mice examined (Figure 4B). Our findings indi-
cate that iNOS is up-regulated in mice that show an
effective granulomatous response to zymosan. However,
iNOS level alterations are not exactly correlated with a
modulation in the OPN mRNA levels of such tissues.

Nucleotide and Deduced Amino Acid Sequence
of Cloned OPN c cDNA

The sequences of OPN alleles a and b have previously
been published and differ in 11 amino acid positions.9,37

However, the sequence of OPN c has not been deposited
in the screened gene databases. To determine the se-
quence of OPN c allele, we obtained a cDNA library from
kidney of DBA/2NCrj mice. Approximately 105 colonies
from that cDNA were screened and the nucleotide se-
quences of cDNA inserts from six independent clones
were determined. All six clones derived from DBA mice
(OPN c allele) exhibited the sequence shown in Figure
5A. Amino acid sequence comparison of OPN alleles a,
b, and c (Figure 5B) showed that OPN a and c differ in
only one amino acid position. Alleles b and c differed in
10 amino acids. The exchange of only one amino acid
between OPN a and c make it conceivable that there are
no, or little biological differences between these proteins.
However the significantly diverging sequence of allele b
compared to the other two, can explain functional differ-
ences described in our experiments.

Recombinant Proteins of OPN Alleles a, b, and
c Support Cell Adhesion

OPN is abundantly secreted in granulomas.20,22,25 We
tested the hypothesis whether a reduced granuloma for-
mation in OPN mice with allele b could be explained by
an impaired cell-binding capacity of inflammatory cells
invading the site of granuloma formation. We therefore
generated GST fusion proteins of the three OPN alleles
and investigated their potential to support cell adhesion.
We chose two cell lines that have previously been shown
to have a high OPN-binding affinity: the highly metastatic

Figure 3. The OPN allelic form does not affect the cytokine or chemokine
pattern expressed after zymosan accumulation in the liver. Total RNA was
prepared from murine liver and 20 �g of each sample were hybridized to
32P-labeled anti-sense RNA probes that were in vitro transcribed from multi-
probe template sets, mCK-2b (A, C) and mCK-4 and mCK-5 (B) (PharMin-
gen) by using the RiboQuant Multi-Probe RNase Protection Assay Systems.
The results are expressed as percentage of cytokine/chemokine expression,
calculated by the formula: cytokine band intensity/GAPDH band intensity �
100. Mean data of two different mice at each time point (day 0, 1, 2, 3, and
7 after zymosan injection) are shown (A, B). Representative original data are
shown in C.

Figure 4. In contrast to mice with OPN alleles a or c, iNOS mRNA expression
is not modulated in the liver mice with the OPN b allele. Liver tissue was
obtained at the indicated time points from mouse strains B6 and BALB/c that
have OPN allele a; DBA with allele c; or C3H, CBA, SJL, that all express the
b allele. One �g of total RNA was reverse-transcribed to cDNA in a total
reaction volume of 20 �l. One �l of cDNA was used as template for PCR
using LightCycler-FastStart DNA Master SYBR Green I systems (Roche Diag-
nostics). The mRNA expression of iNOS (A) and OPN (B) were detected by
the LightCycler (Roche Diagnostics) PCR system and calculated by LightCy-
cler Software version 3 (Roche Diagnostics). Data were standardized by
�-actin (A) or G3PDH (B). The units represent the comparative amount of
mRNA, calculated from the calibration curves of the standard plasmids. Data
represent mean of two (A) or mean � SD of three (B) independent exper-
iments. *, Data are significantly different from that at day 0 (P � 0.05,
one-way analysis of variance; Student’s t-test).
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melanoma cell line B16-BL6 and the nonmetastatic fibro-
blast cell line L929. For all recombinant GST-OPN alleles
we found comparable binding of B16-BL6 and L929 cells
(Figure 6).

OPN Allele b Protein Has a Significantly
Reduced Ability to Induce DC Migration

The formation of granulomas depends on the migration of
immunocompetent cells into the site of zymosan deposi-
tion. OPN is known to have a chemotactic function for
macrophages as well as T cells that are recruited to the
site of granuloma formation.20,22,25 Because the three
OPN alleles were not different regarding their cell binding
capacities, we speculated that the OPN b protein could

be altered in its chemotactic function. DCs are highly
motile cells that are known to play a critical role in gran-
uloma formation.32,38 Recently we demonstrated that
OPN is an important chemoattractant for murine DC.33

We therefore assessed the chemotactic ability of the
three recombinant OPN alleles to attract DCs in modified
Boyden chamber migration assays (Figure 7). Recombi-
nant GST-OPN a and c induced DC migration throughout
the whole range of tested protein concentrations in a
dose-dependent manner, whereas a significant induction
of DC migration by GST-OPN b protein was only detected
at a concentration of 20.0 �g/ml. However, DC migration
induced by this OPN b concentration was significantly
lower than by the corresponding concentrations of re-
combinant OPN a and c. The promigratory effect of OPN
b at 20.0 �g/ml was approximately equivalent to that of
OPN allele a at a 40-fold lower protein concentration.

Discussion

In the present study, we demonstrate that the zymosan-
induced liver granuloma formation significantly varies
among mouse strains. In the liver of mice with OPN a and
c alleles, a marked granuloma formation was detected
that peaked on day 7 after intravenous zymosan appli-
cation. In sharp contrast, no significant granuloma forma-
tion was found in livers of mice with OPN b allele. This
was not because of a delay in granuloma formation in
these mice because no significant granulomatous re-
sponse was detected within 28 days after zymosan was

Figure 5. Comparison of the OPN alleles. A: The nucleotide sequence of the
OPN c is shown. The signal sequence is underlined. The deduced amino
acid sequence is shown using the single letter code. B: Alignment of the
deduced amino acid sequences of OPN alleles. Boxes indicate the mutation
sites. The potential phosphorylation sites are underlined bold and the
Arg-Gly-Asp (RGD) motif is double underlined. *, Terminal codon.

Figure 6. GST-fusion proteins of OPN alleles a, b, or c have similar cell-
binding capacities. Cell binding of B16-BL6 (A) and L929 (B) cells to plates
precoated with various concentrations of GST, GST-alleles a, b, and c OPN
was performed as described in Materials and Methods.

Figure 7. Induction of DC migration is only detectable at high concentration
of OPN allele b, whereas alleles a and c induce DC migration throughout a
wide range of protein concentrations. DC migration assays were performed
as described in Materials and Methods. Data are expressed as the mean
number of migrated cells/mm2 � SD of four chambers. * and **, Data are
significantly different from control at P � 0.05 and P � 0.001, respectively,
one-way analysis of variance (analysis of variance, Tukey’s multiple com-
parison test).
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deposited in the liver. Importantly, three OPN b homozy-
gous mouse strains with otherwise different genetic back-
ground all had impaired granulomatous responses (Fig-
ures 1 and 2), indicating that the defective granuloma
formation was independent of other genetic differences
between these mice.

The formation of granulomas is a central mechanism to
defend the host from persistent irritants.1 It has been
shown that the Kupffer cells play an important role in
zymosan-induced liver granuloma formation. After they
pick up the zymosan antigen they start to produce cyto-
kines and chemokines, which lead to the recruitment of
inflammatory cells into the liver.2,39 We speculated that
the expression patterns of such inflammatory mediators
could be differentially regulated in mice with different
OPN alleles, thereby leading to modifications in granu-
loma formation. However, by RNase protection assay we
found that after zymosan injection IL-1�, M-CSF, RAN-
TES, MIP-1�, MIP-2, and MCP-1 were similarly induced in
mice with OPN a, b, and c alleles. To our surprise, in our
experiments the expression of these mediators was up-
regulated both in granuloma-forming and nonforming an-
imals. Our findings indicate that a fully functional form of
OPN is essential for the formation of a granulomatous
response. The unaltered expression of the above medi-
ators could be explained either by an unaffected function
of epitopes in the OPN b protein that modulated cytokine
or chemokine function or a possible downstream location
of OPN of the investigated inflammatory mediators.

iNOS expression is known to be up-regulated in gran-
ulomatous inflammation.40–42 Here we detected an aug-
mented iNOS mRNA expression only in the liver of mice
with OPN a and c alleles, that form normal granulomas,
but not OPN b carrying unresponsive mice. By investi-
gating monocytic cell lines it was previously reported that
in vitro the expression of OPN is up-regulated by NO and
at the same time, OPN is a negative feedback regulator
that downmodulates the expression of iNOS.36 Based on
these findings, because of a functional defect of the OPN
b protein an iNOS overexpression could be expected in
OPN b animals. However, in our in vivo system, mice with
OPN allele b did not up-regulate iNOS expression, in
contrast to animals with OPN a or c. These unexpected
differences may be explained by the complex cytokine
milieu expressed during in vivo granuloma formation in-
volved in NO synthesis. Other strong inflammatory medi-
ators might overrule the in vitro described regulatory func-
tion of OPN on iNOS expression during the initiation of
granulomas. Alternatively, the levels of iNOS in this study
simply reflected the presence of macrophages. The re-
duction of iNOS in mice with OPN b allele leads to the
amelioration of inflammatory responses and liver injury. It
has been shown that iNOS regulates production of cyto-
kines and chemokines that are important for recruitment
of inflammatory cells.43 In addition, iNOS negatively reg-
ulates function of hepatocyte tight junction, which is crit-
ical for the integrity of hepatobiliary system.44

The difference in granuloma formation among mice
with different OPN alleles can be explained by the
amount of OPN protein produced after zymosan injection.
In this regard, it has been shown that peritoneal cells

derived from mice with OPN a allele exhibited early and
high OPN gene expression response on Rickettsia tsut-
sugamushi (RT) infection. Although those with OPN b and
c alleles exhibited later and lower OPN gene expres-
sion.9,24 Thus, it is possible that gene polymorphism seen
in OPN gene may affect the levels of transcription of OPN
gene, and result in the alteration of protein expression.
Our data demonstrated that OPN RNA expression was
augmented in mice of all three alleles after zymosan
injection (Figure 4). Although in allele b, augmentation of
gene expression occurred at later time, the degree of
gene expression was significant (Figure 4). Our findings
were consistent with a previous report that unlike RT
infection, intraperitoneal injection of concanavalin A re-
sulted in the significant expression of OPN gene even in
mice with OPN b allele.9 Thus, it is possible that the
induction of OPN gene expression varies depending on
the type of antigen used. In this regard, it is important to
clarify the amount of OPN protein after zymosan injection
in various mouse strains. Thus, we constructed an en-
zyme-linked immunosorbent assay with monoclonal and
polyclonal antibodies specifically recognizing murine
OPN to measure OPN protein levels in mouse plasma.33

We found that this enzyme-linked immunosorbent assay
could detect the a and c allelic forms of murine recom-
binant OPN, however failed to detect the b allelic protein,
although the epitope detected by the used antibodies
exists in the OPN b protein (data not shown). Although we
cannot rule out the possibility that the amount of OPN
protein after zymosan injection varied depending on the
OPN allele mice carried (presumably high in OPN a and
c alleles and lower in OPN b allele), it is possible that
OPN gene polymorphism influences the function of OPN
protein. We speculated that the failure to detect the allele
b protein is because of a conformational alteration of
OPN b. The complete nucleotide sequence of the a and
b allelic forms of OPN have been described, we cloned
the c allelic form to compare differences between all
three alleles.9,37 The alignment of deduced amino acid
sequences showed that although OPN a and c differed
only in one position, OPN b showed 11 mutations com-
pared to a and 10 compared to OPN c (Figure 5). Sub-
stitutions in OPN b are located close to the functionally
important RGD-motif and within potential phosphorylation
sites. Phosphorylation of OPN is known to be decisive for
OPN functional binding in several systems.22,45 Thus, it is
possible that the substitutions in the OPN b protein may
change the protein conformation and/or phosphorylation
and render OPN defective at least for some of its de-
scribed functions as a chemokine, cytokine, or adhesive
protein, thereby explaining the defective formation of
granulomas in allele b-carrying mice. In this regard, the
physicochemical nature of three OPN allele proteins
should be determined in the future.

Based on these findings we went on to determine the
differences of OPN alleles for two well-characterized
OPN functions that are both decisively involved in gran-
uloma formation; cell adhesion and cell migration. We
selected two cell lines, that were previously shown to
bind to OPN; L929 cells bind to OPN through the inter-
action of the RGD motif with �v�3 integrin, whereas B16-
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BL6 cells express additional RGD-independent binding
site(s) for OPN.46 Both cell lines could bind to all allelic
forms of OPN/GST fusion proteins, indicating that im-
paired adhesion mechanisms are unlikely to cause the
reduced granuloma formation in mice expressing the
OPN b allele.

In the liver, blood DCs interact with Kupffer cells and
use their migrational capacities to undergo a blood lymph
translocation via the hepatic sinusoids to access liver-
draining lymph nodes, as an important mechanism for the
initiation of cell-mediated immunity in this organ.47,48 Re-
cently we reported that OPN is a potent chemotactic
protein for DCs.33 Here we investigated, whether all al-
lelic forms of OPN could support DC migration. Interest-
ingly we found that compared to alleles a and c only OPN
allele b was defective in inducing DC migration. The
defective chemotactic function of OPN allele b could
explain the reduced formation of granulomas in several
ways. We had previously described that OPN-induced
DC migration is important in cell-mediated immunity.33

Thus, an impaired migratory potential of DCs because of
a defective OPN function could lead to the attenuation of
granulomatous response. However, in addition to its ef-
fect on DC, OPN allele b is likely to be impaired in its
chemotactic function for other immunocompetent cells,
thereby leading to a reduced influx of inflammatory cells,
such as T cells or macrophages during zymosan-in-
duced liver inflammation.49 OPN is known to interact with
a variety of receptors such as �v�3, �v�1, �v�5, �4�1,
�9�1, and certain CD44 isoforms. As shown the OPN b
allele is not impaired in its cell-binding ability, while at the
same time it has no chemotactic potential. We therefore
speculate that the OPN b allele might be defective only in
its binding to some but not all OPN receptors expressed
on the cells involved in granuloma formation, thereby
being restricted only in certain functions. Exactly which
OPN receptors bind the different alleles has to be subject
of further investigation.

In conclusion, we have demonstrated that OPN is crit-
ically involved in the formation of foreign body liver gran-
ulomas because mice that express OPN allele b but not
a or c are impaired in their granuloma formation. The
reduced granuloma response in OPN b mice most likely
results from the defective function of the OPN b protein to
induce chemotactic migration of immunocompetent cells
including DCs, while normal cell-binding capacities are
retained. Compared to OPN a or c alleles the OPN b
protein contains mutations within functional domains rel-
evant for OPN-receptor interactions. These mutations
could be responsible for a functional impairment of some
but not all OPN functions through defective interactions
with selective OPN receptors.
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